Vibrio parahaemolyticus is known to exist in a viable but nonculturable state when incubated at low temperature under starvation. It has long been debated whether the culturable cells which appear after temperature upshift are the result of true resuscitation or regrowth of a few residual culturable cells. Starved V. parahaemolyticus cells at 4³C reached the nonculturable stage in about 12 days. The true resuscitation of nonculturable cells of V. parahaemolyticus occurred after spreading them onto an agar medium supplemented with H 2 O 2 -degrading compounds such as catalase or sodium pyruvate. The proposed method may be applicable to detecting the enteropathogen from environmental samples. ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
Since it was ¢rst isolated in 1950 during a food-poisoning outbreak in Osaka, Japan, Vibrio parahaemolyticus has been shown to be widely distributed in natural aquatic environments around the world [1] and is a well-known food-borne pathogen causing gastrointestinal disease [2] . Like both Vibrio cholerae and Vibrio vulni¢cus, the frequency of isolation of this bacterium is much lower during the winter than the summer months [3] . Colwell et al. [4] , however, showed that the organism was present and viable in several aquatic environments from which it could not be cultured. This decrease in culturability is thought to arise from the entrance of these bacteria into a viable but nonculturable (VBNC) state [5, 6] , as has now been shown for at least 30 bacterial species [6] . It is thought that the VBNC state may represent a survival response by nonsporulation bacteria exposed to potentially injurious environmental conditions [5] . The stresses of low nutrient and low temperature have been shown to be the main causes of the induction of VBNC stages in some pathogenic bacteria [5, 7] . In V. parahaemolyticus, V. cholerae and V. vulni¢cus, the VBNC state is induced by a temperature downshift and resuscitation from this state has been reported after the removal of the temperature stress [6^9] . Whether true resuscitation of such cells occurs, however, has long been debated. While Whitesides and Oliver [9] have concluded that VBNC cells do indeed leave this dormant state on removal/reversal of the inducing factor, others have suggested that the culturable population which appears is a result of regrowth of one or more culturable cells in the population which had not been detected when the population was assayed [6^8] .
Resuscitation procedures performed in liquid media, thus, always evoke much controversy. To terminate this controversy, we previously reported that starvation-and low temperature-induced VBNC cells of enterohemorrhagic Escherichia coli were resuscitated after spreading from starvation microcosms (micro-ecosystems) directly onto the plates amended with H 2 O 2 -degrading compounds such as catalase or sodium pyruvate [10] . The resuscitation method used in our work avoided the possibility of regrowth which might occur during the incubation process in liquid media after temperature upshift.
The work described here aims to test the suitability of plating on agar media supplemented with H 2 O 2 -degrading compounds to resuscitate VBNC cells of V. parahaemolyticus induced at low temperature under starvation.
Materials and methods

Bacterial strains and growth conditions
Six V. parahaemolyticus strains were used in this study (Table 1) . V. parahaemolyticus O3:K6 strains VP190, VP191, VP01 and VP94 and V. parahaemolyticus O4:K68 strain VP04 were donated by Dr. K. Ogata (Oita Prefectural Institute of Health and Environment, Japan). V. parahaemolyticus O4:K12 strain Wp1 was donated by Dr. H. Taniguchi (University of Occupational and Environmental Health, Japan) [11] . Bacterial cells were grown in Luria^Bertani [12] (LB) broth^3% NaCl (pH 7.5) at 37³C. Colony counts were determined on LB agar^3% NaCl plates after incubation for 24 h at 37³C. The starvation medium, modi¢ed phosphate-bu¡ered saline (PBS), was composed of 0.4 g NaCl, 0.1 g KCl, 1.45 g Na 2 HPO 4 and 0.1 g KH 2 PO 4 per liter of deionized water.
Starvation microcosm (micro-ecosystem) of V. parahaemolyticus
Cells of V. parahaemolyticus strains were grown overnight in LB broth^3% NaCl at 37³C, transferred to fresh broth at a dilution of 1:100 and grown to the late exponential phase (OD 660 = 1.3). Cells were harvested by centrifugation at 15 000Ug for 10 min and washed twice in the starvation medium to prevent a carry-over of nutrients into nutrient-starvation microcosms. Cells were diluted in 40 ml starvation media in a 50-ml screw-capped tube, giving a cell density of 1U10 7 cfu ml 31 . These microcosms were then maintained at 4³C in static.
Enumeration of cells in the microcosm
Total bacterial cell counts were determined by acridine orange direct count (AODC) as described by Hobbie et al. [13] . Bacterial viability was measured using a Live/Dead BacLight bacterium viability kit (catalog No. L-7007; Molecular Probes Europe, Leiden, The Netherlands) [14] and viable cell counts were determined by £uorescent microscopy. The kit contains two nucleic acid stains, SYTO 9 and propidium iodide. SYTO 9 labels cells with an intact or damaged membrane and propidium iodide penetrates only cells with damaged membranes. Thus, live cells only stain with SYTO 9 (green). In dead cells, propidium iodide (red) competes with SYTO 9 for nucleic acid binding sites and the cells stain £uorescent red. For determination of the total cell counts and viability, ¢ve microscopic ¢elds were counted for each sample. To assess the culturability of starved V. parahaemolyticus cells at 4³C, samples were taken at intervals and inoculated on LB agar^3% NaCl plates and the plates were incubated for 24 h at 37³C before the counting of colony forming units. Upon prolonged incubation for a total of 5 days, no further colony development could be observed.
Resuscitation of nonculturable V. parahaemolyticus cells
Aspergillus niger catalase (Sigma, St. Louis, MO, USA) was diluted with sterilized distilled water to desired concentrations. Enzyme solutions were ¢lter-sterilized with a 0.22-Wm pore size membrane ¢lter (Millipore, Bedford, MA, USA) and 0.1-ml enzyme solutions were aseptically spread on the entire surface of the agar media to provide 2000 U plate 31 . Sodium pyruvate (Sigma, St. Louis, MO, USA) was added directly to LB agar^3% NaCl media prior to autoclaving to give a ¢nal concentration of 0.1%. Media lacking the supplements were designated as nonamended controls. Samples (0.1 ml) from the starvation microcosms were inoculated on the LB agar^3% NaCl plates amended with the supplements. Colonies were enumerated after 24 h of incubation at 37³C.
Scanning electron microscopy
Cells of V. parahaemolyticus strain VP190, both in the late exponential phase and in the VBNC state, were passed through 13-mm diameter, 0.2-Wm pore size Nucleopore polycarbonate ¢lters, washed with KNP bu¡er (0.1 M KH 2 PO 4 adjusted to pH 7.2 with NaOH) and ¢xed initially in 3% glutaraldehyde in 0.1 M cacodylate bu¡er (pH 7.2). The ¢lters were washed twice in additional bu¡er, post¢xed in 1% osmium tetroxide and dehydrated in a graded ethanol series (75, 95, 100%) for CO 2 critical point drying. The specimens were mounted on copper tape and sputter-coated with gold palladium (60:40) for examination with a JEOL-100X ASID scanning electron microscope operated at 40 kV.
Thin sectioning electron microscopy
Cells of V. parahaemolyticus strain VP190, both in the late exponential phase and in VBNC, were harvested by centrifugation. The cell pellets were washed three times with PBS. Cell suspensions were ¢xed and processed for thin sectioning electron microscopy as previously described [15] .
Results
Entry of V. parahaemolyticus strains into a nonculturable state and the recovery of nonculturable cells on resuscitation plates
The response of the V. parahaemolyticus VP190 strain following its incubation in starvation medium at 4³C is shown in Fig. 1 . Total cell counts remained constant throughout the 16-day period, while colony counts declined to less than 1 cfu ml 31 within 12 days. Despite this decline in colony counts, a signi¢cant population of viable cells determined by the Live/Dead staining method remained. After development of the nonculturable state, 0.1-ml specimens of the starvation microcosms of VP190 were spread onto LB agar^3% NaCl plates supplemented with catalase or sodium pyruvate. After incubation at 37³C for 24 h, nonculturable V. parahaemolyticus cells produced a number of colonies with 2.3U10 3 or 1.4U10 3 cfu ml 31 on the plates supplemented with catalase or pyruvate, respectively, while no colony was observed on the nonamended plates (Fig. 1, at day 12) . The number of colony counts of VP190 cells on catalaseor pyruvate-amended plates was always higher than that of nonamended plates. The colonies of VP190 resuscitated from the nonculturable state, after spreading on the plates amended with catalase or pyruvate, were shown in Fig. 2 . A total of six V. parahaemolyticus strains including VP190 were examined for the ability to enter into a VBNC state. Starved cells of the six strains at 4³C reached the nonculturable stage in about 12 days and resuscitated e¤ciently on the plates supplemented with catalase or pyruvate ( Table 1) .
Scanning electron microscopy
Before starvation, late exponential-phase cells of V. parahaemolyticus strain VP190 were normally rod-shaped with a relatively smooth surface (Fig. 3A) . In the VBNC state, starved cells of VP190 formed blebs on the surface of the rod-shaped cells (Fig. 3B) .
Thin sectioning electron microscopy
Thin sectioning electron micrographs of late exponential-phase VP190 cells revealed the typical rod-shaped cells with a uniform distribution of electron-dense ribosomal and nucleic acid material throughout the cytoplasm (Fig.  3C) . A thin section micrograph of nonculturable VP190 cells at day 12 of starvation ( Fig. 3D) showed that a gap was formed between the outer and inner membrane in some parts. The membrane blebs were observed on some part of the outer membrane. Some cells contained less internally staining material and probably lost integrity of the membrane. These cells were probably dead (Fig. 3D) .
Discussion
The present study demonstrated that V. parahaemolyticus cells easily lost their culturability in a starvation microcosm at low temperature, and an agar medium supplemented with catalase or sodium pyruvate which degrade H 2 O 2 e¤ciently resuscitated a part of the nonculturable population. However, the number of recovered cells decreased at 12^16 days even when the cells were inoculated on supplemented plates (Fig. 1) . After 10 days in the nonculturable state (22 days after commencement of the experiment), no cells were recovered after resuscitation on the amended plates (data not shown). A similar phenomenon has been observed when V. cholerae and V. vulni¢cus were induced into the VBNC state at a low temperature and subsequent resuscitation was performed by temperature upshift [7, 16] . The ability to regain the culturability of nonculturable cells might have decreased during periods after entry into the VBNC state. Some irreversible changes seemed to have occurred in nonculturable cells during these periods, because the starvation microcosms used in these studies were closed ecosystems.
Some controversial reports on the resuscitation of nonculturable cells have been published [6^9]. Ravel et al. [7] reported that the recovery of VBNC cells of V. cholerae from starvation at 4³C in nutrient-limited arti¢cial seawater after a temperature upshift to 30³C was due to regrowth of surviving cells but not a resuscitation of all VBNC cells. The same ¢nding was reported for surviving V. vulni¢cus cells [17] . Recently, we [10] applied an agar medium supplemented with catalase or pyruvate to resuscitate VBNC E. coli O157 cells. We eliminated the incubation process after a temperature upshift of VBNC cell suspension in which regrowth might have occurred, so that the colonies emerging on the supplemented plates are regarded as a consequence of true resuscitation.
The ¢rst indication of the usefulness of pyruvate comes from the work of Baird-Parker and Davenport [18] , who showed that this compound gave rise to optimal growth of heat-stressed cells of Staphylococcus aureus. The addition of catalase to the surface of selective medium plates also stimulated a growth of physically or chemically stressed (injured) microorganisms. It is reported that heat-injured cells had a decreased catalase activity and supplemented catalase acted by preventing the accumulation of hydrogen peroxide in or around injured cells [19] . It is proposed that a sudden transfer of injured or starved cells to nutrientrich agar at temperatures optimal for enzyme activities initiates an imbalance in metabolism, inducing a near instantaneous production of superoxide and free radicals. In the absence of phenotypic adaptation, the cells are not equipped to detoxify reactive oxygen intermediates and, as a result, a proportion or all of these cells die [20] .
Starved cells of the VP190 strain maintained their typical rod shape, even though the slight bleb formation was observed on the cell surface like other starved marine organisms [21] . Several investigators reported that the viable but nonculturable Vibrio species were rounded or spheroid [7, 8] ; however, di¡erent media were used to induce the nonculturable state.
Jiang et al. [8] reported that V. parahaemolyticus induced into the nonculturable state by low temperature and starvation showed an increased resistance to heating, sonication and storage at 330³C. The VBNC state may make pathogenic Vibrio species more resistant to conventional food-processing methods. Besides, virulence may not disappear in VBNC bacteria [4] . Seafood is often stored under conditions that induce the VBNC state in Vibrio [22] . Overreliance on conventional agar plate methods for the microbial inspection of seafoods carries the risk of generating false negative VBNC Vibrio species.
In conclusion, we demonstrated that a true resuscitation of VBNC V. parahaemolyticus cells occurred after spreading them on an agar medium supplemented with H 2 O 2 -degrading compounds. This method might be applied to detect a VBNC state of pathogenic Vibrio in the environment or in contaminated seafoods.
